Word count for abstract: 348 22 Word count for text (excluding references, table footnotes, and figure legends): 7,321 23 24 2 Abstract 25 Oat crown rust, caused by the fungus Puccinia coronata f. sp. avenae (Pca), is a devastating 26 disease that impacts worldwide oat production. For much of its life cycle, Pca is dikaryotic, with 27 two separate haploid nuclei that may vary in virulence genotype, highlighting the importance of 28 understanding haplotype diversity in this species. We generated highly contiguous de novo 29 genome assemblies of two Pca isolates, 12SD80 and 12NC29, from long-read sequences. In 30 total, we assembled 603 primary contigs for a total assembly length of 99.16 Mbp for 12SD80 31 and 777 primary contigs with a total length of 105.25 Mbp for 12NC29, and approximately 52% 32 of each genome was assembled into alternate haplotypes. This revealed structural variation 33 between haplotypes in each isolate equivalent to more than 2% of the genome size, in addition to 34 about 260,000 and 380,000 heterozygous single-nucleotide polymorphisms in 12SD80 and 35 12NC29, respectively. Transcript-based annotation identified 26,796 and 28,801 coding 36 sequences for isolates 12SD80 and 12NC29, respectively, including about 7,000 allele pairs in 37 haplotype-phased regions. Furthermore, expression profiling revealed clusters of co-expressed 38 secreted effector candidates, and the majority of orthologous effectors between isolates showed 39 conservation of expression patterns. However, a small subset of orthologs showed divergence in 40 expression, which may contribute to differences in virulence between 12SD80 and 12NC29. This 41 study provides the first haplotype-phased reference genome for a dikaryotic rust fungus as a 42 foundation for future studies into virulence mechanisms in Pca. 43 44 45 Importance 46 Disease management strategies for oat crown rust are challenged by the rapid evolution of 47 Puccinia coronata f. sp. avenae (Pca), which renders resistance genes in oat varieties ineffective. 48 Despite the economic importance of understanding Pca, resources to study the molecular 49 mechanisms underpinning pathogenicity and emergence of new virulence traits are lacking. Such 50 limitations are partly due to the obligate biotrophic lifestyle of Pca as well as the dikaryotic 51 nature of the genome, features that are also shared with other important rust pathogens. This 52 study reports the first release of a haplotype-phased genome assembly for a dikaryotic fungal 53 species and demonstrates the amenability of using emerging technologies to investigate genetic 54 diversity in populations of Pca. 55 56 57 58 59
Introduction
Given that Pca urediniospores are dikaryotic, the diploid aware assembler FALCON in 146 combination with FALCON-Unzip (31) was used to first assemble the genomes of 12NC29 and 147 12SD80 and then distinguish regions of homology and divergence between haplotypes. 148 Homologous regions were collapsed during FALCON assembly and are referred to as primary 149 contigs, whereas divergent regions between haplotypes were assembled into haplotigs by 150 FALCON-Unzip. As such, the primary contigs should contain the equivalent of one haploid 151 genome and haplotigs represent the total sequence placed in alternate assembly paths relative to 152 each individual primary contigs (Figure 2A) . Genome assembly of 12SD80 resulted in 603 153 primary contigs with a total size of 99.2 Mbp and a contig N50 of 268.3 kbp, while 777 primary 154 contigs with a total size of 105.2 Mbp and a contig N50 of 217.3 kbp were assembled for 155 12NC29 ( Table 1) . These assemblies demonstrate the advantage of long-read assembly to 156 improve contiguity compared to previous short-read assemblies of other rust species. For to Pgt (32) . Similarly, a preliminary genome assembly of another Pca isolate based on Illumina 169 short-reads suggested a genome size of 110 Mbp (Park et al., unpublished) . On the other hand, 170 Tavares et al. (33) reported a haploid genome size of approximately 244 Mbp based on nuclear 171 fluorescence for a P. coronata isolate obtained from Avena sterilis. Given the broad host range 172 of P. coronata (2) this isolate may represent a different forma specialis. 173 A total of 1,033 and 950 haplotigs were assembled for 12SD80 and 12NC29, 174 respectively, comprising 52% of the haploid genome size in each case ( Table 1) . Haplotig 175 sequences were aligned to primary contigs to identify corresponding regions; illustrated for the 176 largest primary contig in 12SD80 in Figure 2A . Numerous small variants were detected in the 177 first haplotig-associated region in this primary contig and the corresponding haplotig by 178 alignment of Illumina DNA reads to primary contigs and haplotigs simultaneously (Figure 2B) . 179 The haplotig also contains a tandem repeat expansion relative to the primary contig, while the 180 flanking collapsed regions in the primary contig are less variable. The variation in this region 181 likely explains why an alternate path in the assembly graph led to the phasing of this genomic 182 region. The Illumina read depth (coverage) in the haplotig region is lower relative to the flanking 183 collapsed regions as is expected considering that haplotig-associated regions represent a single 184 haplotype, whereas most collapsed regions in primary contigs represent both haplotypes. In 185 addition, reads in the collapsed region map uniquely in the genome, while those in the haplotig 186 region map to multiple sites. 187 To validate haplotype phasing more extensively, we calculated genome-wide coverage 188 for collapsed and haplotig-associated regions within primary contigs, as well as haplotigs. 189 Haplotigs and haplotig regions of primary contigs in 12SD80 showed tight coverage distribution, 190 with mean coverages of 56.3 and 58.7 respectively, while collapsed regions had a mean coverage 191 of 103.6, but showed a broader distribution (Figure 2C) . Regions of primary contigs with lower 192 coverage but without an associated haplotig may represent locations with complex 193 rearrangements or very large insertions/deletions between the two haplotypes. This could result 194 in the presence of haplotype-specific sequences in primary contigs. Additionally, some primary 195 contigs did not contain any associated haplotigs, which may be because the haplotype sequences 196 were too divergent and assembled as two separate primary contigs. Consistent with this, primary 197 contigs without haplotigs showed a lower coverage distribution than those with associated 198 haplotigs (Figure 2C) . Similarly, in 12NC29 mean coverages of haplotigs, haplotig regions and 199 collapsed regions of primary contigs were 62.6, 64.3 and 91.0, respectively (Figure S2A) . In 200 12SD80 and 12NC29, there were 176 and 312 primary contigs without haplotigs, respectively, 201 totaling 11.1 and 17.5 Mbp. If these do represent separately assembled haplotypes, then this may 202 partly explain the approximately 6 Mbp larger primary contig assembly size for 12NC29. The 203 ability to phase the genome assembly into primary contigs and haplotigs in this fashion 204 represents a significant advance to compare haplotype composition in dikaryotic fungi.
205
Assessment of genome completeness and repetitive DNA content. To assess the completeness 206 of the Pca genome assemblies, highly conserved fungal genes were mapped in the primary 207 contigs and haplotigs using BUSCO (34) . Approximately 90% of the BUSCO genes were 208 present as complete sequences and nearly an additional 3% as fragmented copies in the primary 209 contigs of both genome assemblies (Table 1) . One additional BUSCO gene not present in the 210 primary contigs was found on a haplotig in 12SD80, while no unique BUSCO genes were found 211 in 12NC29 haplotigs. Fourteen BUSCOs (4.8%) were missing in both isolates, which suggests 212 the presence of difficult to assemble regions in the Pca genome. A search for telomere repeat 213 sequence at the ends of all contigs detected 11 unique telomeres in 12NC29 and 15 in 12SD80, 214 out of an estimated 16-20 chromosomes (35) . Overall, these results indicated that the primary 215 contigs are a good representation of the core dikaryotic genome of Pca. 216 RepeatMasker detected interspersed repeats covering about 53% of the assembled Pca 217 genomes (primary contigs and haplotigs combined; Table 2 ), similar to other rust fungi which 218 are typically in the range of 35-50% (17, 21, 22) . The most prevalent repetitive elements 219 belonged to the LTR retroelement class (20% of the genome), which was also found to be the 220 most abundant class in Pgt and Mlp (17, 24) , while DNA elements accounted for about 15% of 221 the genome. The GC content was approximately 45% for primary contigs and haplotigs in both 222 Pca isolates (Table 1) , which is consistent with other rust species, such as Ml (41%) (22). The 
226
Gene annotation and orthology prediction revealed phased allele pairs within isolates and 227 orthologs between isolates. For each Pca isolate, RNAseq reads from germinated spores, 228 isolated haustoria and infected oat leaves at 2 and 5 dpi (Table S2) were pooled and used to 229 generate both de novo and genome-guided transcriptome assemblies using Trinity v2.4.0 (37).
230
These assemblies were used as transcriptional evidence in the Funannotate pipeline along with 231 alignment evidence from publicly available EST clusters for Pucciniamycotina species. In total, 232 17,248 and 17,865 genes were annotated on primary contigs for 12SD80 and 12NC29, 233 respectively ( Table 3) , which is similar to the haploid gene content of other rust fungal genomes 234 (17, 22 ). An additional 9,548 and 10,936 genes were annotated on haplotigs for 12SD80 and 235 12NC29, respectively.
236
To identify putative allele pairs in the phased assemblies, we searched for genes on 237 primary contigs that had an ortholog present on the corresponding haplotig using Proteinortho 238 (38) in synteny mode to account for gene order (Table 3) . A total of 6,664 and 7,789 such allele 239 pairs were identified in 12SD80 and 12NC29, respectively. About 2,000 haplotype-singletons, 240 with no orthologs in a corresponding region, were also detected in haplotig-regions of primary 241 contigs, with a similar number in haplotigs ( Table 3) . These singletons represent haplotype-242 specific genes with presence/absence variation or genes with substantial sequence variation that 243 prevents orthology detection. We also examined gene orthology between isolates, and identified 244 9,764 orthologous groups (~55% of all genes) containing either: 1) two orthologous genes, one 245 from each isolate with no allele pairs, 2) an allele pair from one isolate with an unpaired gene 246 from the other, or 3) two allele pairs, one from each isolate. Isolate-singletons may represent 247 presence/absence polymorphisms or could be due to sequence divergence or genome 248 rearrangements preventing orthology detection. Therefore, we examined gene coverage by cross-249 mapping Illumina reads from each isolate onto the other assembly ( Figure S3 ). The isolate-250 singleton genes in 12SD80 and 12NC29 included 558 and 1,174 genes, respectively, with low 251 coverage (<30X) suggesting they represent presence/absence polymorphisms, while the 252 remainder showed higher coverage (30 -200X) indicating that homologs may be present in both 253 isolates. Taken together, these findings indicate a high level of gene content variation between 254 haplotypes and isolates of Pca. Sequencing a larger sample of Pca isolates will help determine 255 the number of conserved (core) genes versus isolate-specific genes in this species.
256
Functional annotation of Pca genomes. GO term abundances of annotated genes on primary 257 contigs and haplotigs combined were very similar between isolates with no significant GO term 258 enrichments or depletions. Examination of KEGG pathway annotations (39) indicated that, as 259 observed for other rust fungi (17, 22, 24) , the Pca genomes lacked nitrate and nitrite assimilation 260 genes. The assemblies did contain the enzymes glutamine synthetase (K01915), glutamate 261 synthase (K00264), and glutamate dehydrogenase (K00260), which are putatively involved in 262 nitrogen assimilation from host-derived amino acids. Enzymes of the sulfate assimilation 263 pathway were also absent in the two Pca isolates. Notably, sulfite reductase was missing from 264 both assemblies, as was observed for Pgt (17). These observations are consistent with the loss of 265 nitrate, nitrite, and sulfate assimilation pathways associated with the evolution of obligate 266 biotrophy in rust fungi (17, 22) . Most categories of transcription factor families showed low 267 abundance in both isolates except the CCHC zinc finger class (IPR001878) that has 103 268 members in 12NC29 and 48 in 12SD80 ( Figure 3A) . This family was also expanded in Pgt and (18, 19, 21, 24) , although 277 such estimates may be influenced by differences in variant calling methods and parameters, 278 residual assembly errors, read length and coverage, and may differ between isolates of a species.
279
When Illumina reads from 12SD80 were mapped to the 12NC29 primary contig reference, we 280 detected a total of 3.48 heterozygous and 2.31 homozygous variants/kbp. In the reciprocal 281 comparison, 5.60 heterozygous and 1.75 homozygous variants/kbp were identified, indicating 282 substantial variation between isolates as well as between haplotypes.
283
The majority of variants between haplotypes were found in intergenic regions ( Figure   284 S4A), and these occurred at a higher frequency (3.66 and 4.88 variants/kbp in 12SD80 and 285 12NC29, respectively) than variants in genic regions (2.86 and 3.76 variants/genic kbp).
286
Heterozygosity rates were higher in haplotig regions of primary contigs (4.36 and 5.50 287 variants/kbp in 12SD80 and 12NC29, respectively) than collapsed regions (1.06 and 1.27 288 variants/kbp). These observations are consistent with haplotigs containing regions of divergence 289 between haplotypes. 290 We also compared heterozygosity rates in Pca and the rust species Mlp, Ml, Pst, and Pt 291 using a k-mer profile approach based on available Illumina reads with the software 292 GenomeScope (41). In this analysis, homozygous genomes display a simple Poisson distribution 293 in the k-mer profile plots, whereas heterozygous genomes give a bimodal profile. The k-mer 294 profiles of most of these species (Figure S5 ) showed bimodal profiles, which indicated fairly 295 heterozygous genomes. This was less apparent for Pst and Ml, which may be explained by the 296 shorter-read lengths and lower coverage datasets for these species. Heterozygosity levels 297 calculated in this analysis were similar for all species, but lower than levels detected by SNP 298 calling.
299
To assess structural variation (SV) between haplotypes we compared haplotigs to their 300 corresponding aligned regions in primary contigs using Assemblytics, which detects three types 301 of SV: large insertions/deletions; tandem expansions/contractions, which involve tandemly 302 repeated sequences; and repeat expansions/contractions in which homologous regions are 303 separated by regions with no homology in each sequence (42). The distributions of these classes 304 of SV are very similar between the two isolates ( Figure S6) , with insertions/deletions and repeat 305 expansions/contractions more prevalent than tandem expansions/contractions. Such SV between 306 50 and 10,000 bp in size represented 2.7% of the primary contig genome size in 12NC29 and Table 4) . No enriched GO terms were detected 318 among the predicted effectors, and the vast majority had no homologs with known or predicted 319 function (Table S3) , as is commonly observed for fungal effectors (45).
320
RNAseq datasets from different tissue types were used to identify secreted protein genes 321 in primary contigs of each isolate that were differentially expressed during infection, and 322 similarly expressed genes were grouped using k-means clustering. This analysis detected seven 323 distinct expression profile clusters for 12SD80 and nine for 12NC29 ( Figure 4A and B, Table   324 4). Genes in clusters 4 and 5 in 12SD80 showed high expression in haustorial samples and also 325 relatively high expression in infected leaves, with those in cluster 4 showing the lowest 326 expression in germinated urediniospores. Similar profiles were observed for clusters 3 and 6 in 327 12NC29. These expression patterns are consistent with those of previously identified secreted 328 rust effectors that enter host cells, which show high expression in haustoria (5). About 35-40% of 329 the secreted genes in these clusters were predicted as effectors by EffectorP ( Table 4) . These CAZymes) were predicted to be secreted. This is consistent with estimates for other biotrophs 344 from a fungal kingdom-wide analysis of secreted proteins (50). Secreted CAZymes were most 345 abundant in expression cluster 6 in 12SD80 (36%) and cluster 5 in 12NC29 (20%), which both 346 showed slightly elevated expression in germinated spores, but also significant expression under 347 in planta conditions (Table 4, Figure 4A and B), suggesting that these enzymes have roles 348 throughout development. Interestingly, the clusters with the strongest expression in germinated 349 spores compared to other conditions (cluster 3 in 12SD80, and clusters 4 and 9 in 12NC29) have (17), 358 with 32 GH5 family members in both isolates, and 13 and 18 GH47 family members in 12SD80 359 and 12NC29, respectively. However, only 2-4 members of these families were predicted as 360 secreted, suggesting that these families have mostly intracellular roles. Consistent with previous 361 observations in rust fungi (17) the cellulose-binding module 1 subfamily (CBM1) was not found 362 in Pca. 363 Secreted subtilases (serine proteases) and aspartic proteases are predicted to act as 364 effectors in rust fungi and may interfere with plant defense responses (51, 52). Both the A01A 365 (aspartic proteases) and S08A (subtilisin-like serine proteases) families were expanded in the 366 Pca genomes as was found for Pgt and Mlp (17) (26 and 34 members of A01A and 25 and 18 367 members of S08A in 12SD80 and 12NC29, respectively, Figure 3C ). A total of 11 (42%) and 17 368 (50%) aspartic proteases and 17 (68%) and 15 (83%) serine proteases are predicted to be 369 secreted in 12SD80 and 12NC29, respectively. Unlike secreted CAZymes, these secreted 370 proteases have no obvious clustering pattern amongst differentially expressed secretome genes.
371
Variation in effector candidates. Similar to genome-wide patterns, heterozygous small variants 372 were more abundant in 1,000 bp upstream and downstream regions than transcribed regions of 373 effector candidate genes (Figure S4C) . The rate of heterozygous variants was slightly higher in 374 effectors on primary contigs compared to all genes on primary contigs in 12NC29, but not in 375 12SD80, as was the nonsynonymous variant rate ( Table 5 ). Elevated variation rates in effector Table 3 , Dataset S1 to S4), while a total of 91 (11%) and 123 (14%) 382 predicted effectors were haplotype singletons in 12SD80 and 12NC29, respectively ( Table 3, 383 Dataset S5 to S8). For 12SD80, 336 predicted effector genes on primary contigs had orthologs 384 in 12NC29 (primary contigs and haplotigs), while 184 were isolate-singletons, with similar 385 numbers observed for the reciprocal comparison ( Table 3 , Dataset S9 -S12). Inter-isolate 386 variation rates in orthologous effector genes were slightly elevated when compared to all 387 orthologous genes (Table 5) . Overall, these results showed substantial variation in effector gene 388 candidates both between haplotypes and isolates that may provide a basis for virulence 389 differences between the isolates.
390
Conservation of expression patterns between orthologous secreted proteins. When orthology 391 relationships were overlaid onto the secretome expression clusters for each isolate, the majority 392 of orthologous secreted proteins and predicted effectors showed conserved expression patterns 393 between 12SD80 and 12NC29 (Figure 4C-F, Figures S8 and S9) . For instance, orthologs of 394 genes in cluster 4 of 12SD80 with the strongest haustorial expression relative to germinated 395 spores were mainly found in cluster 3 in 12NC29, which showed an equivalent expression 396 profile (Figure 4C) . A number of orthologs were also found in 12NC29 cluster 6, which shows 397 the next strongest haustorial expression, while there was a single ortholog in 12NC29 cluster 1, 398 which was slightly upregulated in haustoria compared to all other conditions. Similar 399 conservation of expression profiles were observed for 12NC29 genes in cluster 3, which showed 400 strong conservation of expression patterns to 12SD80 clusters 4 and 5 ( Figure 4D) . Genes in 401 12SD80 cluster 5 (the second strongest haustorial cluster) mostly showed orthology to genes in Pca. These phased-assemblies allowed detection of structural variation between haplotypes 430 equivalent to more than 2% of the genome size that impacted a significant number of genes and 431 predicted effectors. This type of variation has not been previously examined in rust species due 432 to the limitations imposed by collapsed short-read genome assemblies. Furthermore, the long-433 read assembly approach greatly improved contiguity compared to short-read assemblies of other 434 rust fungi, which are highly fragmented due to an abundance of repetitive sequences in their 435 genomes. Orthology analysis also allowed detection of allele pairs on the different haplotypes, as 436 well as many genes potentially unique to one haplotype or highly diverged. We also observed 437 high divergence in gene content and sequence between isolates, which may reflect their origins 
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RNA isolation. Seven day-old oat seedlings were inoculated with 10 mg spores/ml or mock-506 inoculated with oil. Three leaves were pooled per biological replicate at 2 and 5 days post 507 inoculation (dpi), frozen in liquid nitrogen and kept at -80°C. Haustoria were isolated from 508 infected leaves at 5 dpi (inoculated with 20 mg spores/ml) as previously described (18) GenomeScope (41).
580
To identify structural variations (SV), haplotigs were aligned to primary contigs with 581 MUMmer (v3.23) with parameters: nucmer -maxmatch -l 100 -c 500 (80). SVs were detected 582 with Assemblytics (42) using default parameters with a minimum variant size of 50 bp, a 583 maximum variant size of 10 kbp, and a unique sequence length for anchor filtering of 10 kbp. Table S3 . Non-redundant GO terms present in predicted effectors on primary contigs. 
